Purpose: Enzyme replacement therapy in infants with Pompe disease prolongs survival, decreases cardiomegaly, and improves muscle function. Because ectopy has been previously described in these patients, we sought to determine the prevalence and types of arrhythmias. Methods: Thirty-eight children with infantile Pompe disease 
In this disease, the specialized cardiac conduction tissue is also affected by glycogen accumulation, resulting in the characteristic electrocardiographic finding of a shortened PR interval. 5 Occasionally, the shortened PR interval may be due to the presence of a true atrioventricular (AV) accessory pathway, demonstrating the Wolff-Parkinson-White pattern; these children may be at an increased risk for supraventricular tachyarrhythmias. 6 -8 In addition, the ubiquitous electrocardiographic findings of extreme left ventricular hypertrophy and increased QT dispersion in these children may represent risk factors for sudden arrhythmic death from ventricular tachyarrhythmias. 9 Clinical trials of enzyme replacement therapy (ERT) using recombinant human acid alpha-glucosidase (rhGAA) have demonstrated prolonged overall survival in infants and children with Pompe disease. A reversal of cardiomyopathy has been noted in the majority of patients, and a subset of patients have achieved motor milestones such as the ability to sit, walk, and run. 10 -15 Alglucosidase alfa (Myozyme), rhGAA manufactured and distributed by Genzyme Corporation for ERT, has been approved for use as a treatment for Pompe disease in the United States by the Food and Drug Administration (FDA) and in Europe by the European Medicines Agency. 16, 17 Children who receive ERT for infantile Pompe disease manifest electrocardiographic changes, including an increase in the PR interval and a decrease in both the QT dispersion and left ventricular voltage. 9 Despite these improvements, increased ventricular ectopy has been observed in some treated infants, 18 and cardiopulmonary arrest soon after the induction of general anesthesia has been observed in others. 19, 20 With this background, we sought to determine the prevalence and types of arrhythmias and their associations to electrocardiographic and echocardiographic findings in children with infantile Pompe disease undergoing treatment with ERT.
METHODS
A total of 39 children with infantile Pompe disease were enrolled in two open-label, multicenter, international, clinical trials (numbered NCT00059280 and NCT00053573) exploring the safety and efficacy of ERT from 2001 to 2005. All children had a confirmed diagnosis of infantile Pompe disease with skin fibroblast GAA activity Ͻ1% of normal, hypertrophic cardiomyopathy (left ventricular mass index Ն65 g/m 2 by echocardiogram) and onset of symptoms in the first year of life. Alglucosidase alfa containing rhGAA produced in Chinese hamster ovary cells was supplied by Genzyme Corporation (Cambridge, MA). All participating centers obtained institutional review board approval at their respective institutions and informed consent was obtained from each patient's parent/guardian.
Data were reviewed on a retrospective basis. Electrocardiograms (ECG) and echocardiograms were obtained on each child at baseline and at 4, 8, 12, 24, 36, 52, 64, and 78 weeks of ERT and interpreted at a central laboratory. Measured data included corrected QT interval (QTc), ejection fraction (EF), and indexed left ventricular mass (LVMi). Arrhythmias were documented from ECGs, ambulatory ECGs, and point-of-care monitoring through review of FDA Form 3500A (Medwatch) reports, a safety information and adverse event reporting system of the US FDA. Arrhythmias were defined as being possibly clinically important (nonsustained supraventricular tachycardia (SVT), atrial, or ventricular premature beats), definitely clinically important (sustained SVT), and life-threatening (ventricular tachycardia [VT] or fibrillation [VF] ). For purposes of this study, nonsustained SVT was defined as occurring for Ͻ5 seconds in duration. This is based on the a priori belief that these infants would be unusually vulnerable to the effects of severe abbreviation of ventricular diastole, as would result from longer episodes of SVT. VT was defined as three or more repetitive ventricular events at Ͼ10% faster than the current sinus rate and not due to a supraventricular focus or circuit. Other arrhythmias were defined according to standard definitions. Electrocardiographic and echocardiographic measurements from children with an arrhythmia occurrence were compared with children who had not experienced an arrhythmia. Ambulatory ECGs were not performed on a routine basis in this cohort but were performed when clinically indicated.
Reported P values are two-tailed and nonparametric methods were used, e.g., Wilcoxon rank sum test. Analyses were conducted using STATA 10.0 (College Station, TX). P Յ 0.05 was considered statistically significant.
RESULTS
A total of 38 children received ERT. Their demographics including gender, ethnicity, age at entry into the study, and duration of ERT are presented in Table 1 . One patient was enrolled but died from a cardiac arrhythmia associated with anesthesia induction before the initiation of therapy. A total of seven children (18%) receiving treatment with ERT experienced arrhythmias. The type of arrhythmia, age at ERT initiation, age at arrhythmia onset, duration of ERT at time of arrhythmia, and results of cardiac tests from these seven children are presented in Table 2 .
Patient 1 experienced multiple episodes of brief, nonsustained SVT, atrial bigeminy and trigeminy which were demonstrated on ambulatory ECG monitoring. These episodes decreased significantly with the administration of propanolol. Occasional ventricular premature beats were initially noted in Patient 2 preoperatively and subsequently during surgery for a muscle biopsy and gastrostomy tube placement at Week 12 of the study. The frequency of the ventricular premature beats increased postoperatively, prompting treatment with an intravenous lidocaine infusion. This was eventually transitioned to enteral mexiletine. The frequency of ventricular premature beats remained decreased on enteral therapy by ambulatory ECG. Patient 3 received digoxin for episodes of intermittent atrial bigeminy. At the initiation of a bronchoscopy under general anesthesia, Patient 4 developed SVT followed by VT and bradycardia. The infant was successfully resuscitated with epinephrine, atropine, and approximately 1 minute of chest compressions. In this patient, anesthesia had been started with ketamine, followed by sevoflurane and succinylcholine before bronchoscopy. The infant recovered without sequelae. Patient 5 experienced multiple episodes of the AV reciprocating tachycardia form of SVT. The initial episode occurred at Week 52 of treatment with a heart rate of 280 beats per minute and associated symptoms of irritability and decreased appetite. SVT recurrence ultimately required high dose propanolol for clinical control. Follow-up ambulatory ECG in this patient demonstrated no SVT recurrence on high dose propanolol. Patient 6 had frequent episodes of pneumonia requiring multiple prolonged intubations. At approximately Week 55 of ERT, shortly after extubation during one of these pneumonias, the patient experienced increased sputum production and desaturation. Patient was reintubated, but developed sinus bradycardia and then VF in the presence of severe metabolic acidosis and hyperkalemia. Resuscitation was unsuccessful. Patient 7 had recently completed antibiotic therapy for Klebsiella septicemia when she was readmitted for lethargy, hyperthermia, dehydration, and mild renal insufficiency. Two days later, and without clinical improvement, she experienced the sudden onset of VF, followed by progressive bradycardia and death. Resuscitation was not attempted. Blood and urine cultures remained negative. It should be noted, in this patient ventricular hypokinesia and severe hypertrophic cardiomyopathy had remained unchanged from the onset of ERT until death. Because associations of cardiac tachyarrhythmias or sudden death with certain ECG and echocardiographic measurements have been established in other diseases, (including maximum QTc, [21] [22] [23] maximum LVMi, 24, 25 and minimum left ventricular EF 26 -28 ) we evaluated these parameters in our cohort, comparing those with and without arrhythmias ( Table 1 ). The differences between the two groups were not statistically significant. A trend toward a lower minimum EF was observed in the arrhythmia group. The two children (Patients 6 and 7) with fatal arrhythmias seemed to have higher baseline combined maximum LVMi and maximum QTc, two known risk factors for sudden death, when compared with the other children (Fig. 1) . However, the LVMi that was measured months before death in Patient 6 had decreased to 119 g/m 2 , and the QTc that was measured 1 month before death in Patient 7 was normal at 388 milliseconds.
DISCUSSION
Infantile Pompe disease, if untreated, is rapidly fatal. Affected infants present in the first months of life with hypotonia, generalized weakness, and hypertrophic cardiomyopathy with progression to death secondary to respiratory muscle failure. ERT with recombinant human GAA in infantile Pompe disease has resulted in a dramatic change in the clinical course in affected children with prolonged survival, restoration and stability of motor function, and improvement of cardiomyopathy. 10 -15 In addition, there are substantial improvements in the ECG including a decrease in left ventricular voltage, an increased PR interval, and a shortening of QT dispersion. 9 It has been postulated that the reduction of glycogen within the conduction system and myocardium results in these changes. Despite significant improvements in cardiomyopathy and the conduction system in infants receiving ERT, there was an unexpectedly high incidence of arrhythmias (18%) in our cohort.
To understand the etiology of arrhythmogeneisis in individuals with Pompe disease, other types of glycogen or lysosomal storage disorders with cardiomyopathy may be considered. Severe cardiac hypertrophy and conduction system disease are common features of Danon disease caused by mutations of the lysosome associated membrane protein 2 gene. Mutations in the gene for AMP-activated protein kinase ␥2 variably results in Wolff-Parkinson-White pattern, progressive conduction system disease, and ventricular hypertrophy. Both of these diseases result in accumulation of lysosomal or cytosolic glycogen leading to left ventricular hypertrophy. 29 -31 Studies involving the transgenic mouse model of AMP-activated protein kinase ␥2 have provided an anatomic explanation for the cause of Wolff-Parkinson-White Syndrome in glycogen storage cardiomyopathy. 30, 32, 33 Cardiac histopathology in this model demonstrated disruption of the annulus fibrosis, the structure which normally insulates the ventricles from inappropriate conduction from the atria, by glycogen engorged myocytes. 30 Electrophysiological testing has demonstrated alternative AV conduction pathways consistent with Wolff-Parkinson-White.
Cardiac hypertrophy and arrhythmias are also found in Fabry disease, a lysosomal storage disorder resulting in the intracellular accumulation of sphingolipid. In this disorder, histologic findings of myocardial fibrosis have been correlated with findings of late gadolinium enhancement by cardiac magnetic resonance imaging. 34 Patients with findings of late enhancement also have significantly higher left ventricular masses than those who do not. However, ERT in these patients does not significantly reduce ventricular mass and late enhancement on follow-up imaging actually increases. 35 Postmortem analyses of infants with Pompe disease before the advent of ERT revealed excessive amounts of connective tissue at the approaches to the AV node, the AV node itself, and the penetrating AV bundle. These findings would be expected to potentiate pathologic bradyarrhythmias. Surprisingly, bradycardias were not noted in our children as primary events. In addition, focal necrosis, hemorrhage and fibrosis have been seen in the peripheral Purkinje cells in these postmortem studies. 5 It is possible that excessive connective tissue develops during glycogen accumulation early in the disease process which persists despite clearance of glycogen stores with ERT. This scarring could lead to myocardial perfusion abnormalities or represent a direct substrate for ventricular arrhythmias, similar to the pathophysiology seen in hypertrophic cardiomyopathy. 36 Myocardial fibrosis, which is characteristic of hypertrophic cardiomyopathy, has also been implicated in causing spatial dispersion of the cardiac impulse supporting reentrant arrhythmias, although the exact mechanism is unknown. 36 -38 Further study of the cardiac histopathology in Pompe disease after long-term ERT is needed.
Risk factors for sudden death in children having any of a variety of structural heart diseases include left ventricular hypertrophy, 24, 25 prolonged QTc interval, [21] [22] [23] reduced EF, 26 -28 increased QT dispersion, 39, 40 and reduced measures of heart rate variability. 41, 42 Among those measurements available in our cohort of children studied, no values were observed which were statistically more exceptional in those children having arrhythmias than in those who did not. Increased ventricular ectopy has been previously reported in children receiving ERT for infantile Pompe disease during times of rapid decreases in left ventricular mass; hence, the maximum rate of decrease of left ventricular mass was also considered. 18 Interestingly, a lower rate of mass reduction was associated with a modest trend toward arrhythmogeneisis ( Table 1 ). The observed trend of lower EF in the arrhythmia group (Table 2 ) requires substantiation by a larger patient population.
Fatal events occurred during times of metabolic stress in two children (Patients 6 and 7), highlighting the importance of cardiovascular and pulmonary attention during invasive procedures and intercurrent illnesses. Anesthesia induction with its associated vasodilatation, afterload reduction and therefore potential for reduced coronary perfusion could contribute to the development of arrhythmias. This has prompted the recommendation to avoid anesthetic agents with vasodilatory effects such as propofol or high concentrations of sevoflurane but, instead, use an agent such as ketamine to better support coronary perfusion pressure. 19, 20 Our study was limited by the small sample size and its retrospective design; however, 7 of 38 (18%) children treated with ERT developed arrhythmias. The relationship of arrhythmias with ERT, myocardial fibrosis, or simply longer survival could not be ascertained from this experience. We therefore believe continued routine screening for arrhythmias in patients receiving ERT is warranted. This may be especially relevant to those infants with more severe baseline cardiac phenotypes, as manifest by markedly elevated LVMi and prolonged QTc interval. It is possible that subclinical arrhythmias are more prevalent in this patient group than was realized by this experience. Periodic ambulatory rhythm monitoring may be considered for these patients to help answer this question.
